Abstract: Stripe rust (caused by Puccinia striiformis f. sp. tritici) of wheat (Triticum aestivum) is a devastating disease in temperate regions when susceptible varieties are grown and environmental conditions sustain high disease pressures. With frequent and severe outbreaks, disease resistance is a key tool for controlling stripe rust on wheat. The goal of this research was to identify quantitative trait loci (QTL) involved in stripe rust resistance from the important US Pacific Northwest soft white winter wheat varieties "Eltan" and "Finch". An F 2:5 recombinant inbred line (RIL) mapping population of 151 individuals derived from the FinchˆEltan cross was developed through single seed descent. A linkage map comprising 683 unique single nucleotide polymorphism (SNP) loci and 70 SSR markers were used to develop 22 linkage groups consisting of 16 of the 21 chromosomes. Stripe rust data were collected on the RILs during the summers of 2012 to 2014. QTL analysis identified two genomic regions on chromosomes 4A (QYrel.wak-4A) and 6B (QYrfi.wak-6B) associated with resistance from Eltan and Finch, respectively. The results of the QTL analysis showed that QYrel.wak-4A and QYrfi.wak-6B reduced infection type and disease severity. Based upon both molecular and phenotypic differences, QYrel.wak-4A is a novel QTL for adult plant resistance (APR) to stripe rust.
Introduction
Wheat (Triticum aestivum L.) is grown on more hectares than any other crop worldwide with an average 80 million hectares of production annually. Hexaploid wheat is highly adaptive to many environments, and having such a vast growing region, wheat is affected by many diseases. Of these pathogens, stripe rust (caused by Puccinia striiformis Westend. f. sp. tritici Erikks.) (Pst) is one of the most destructive and economically significant [1, 2] . Major stripe rust epidemics have occurred globally, with losses in some cases amounting to 25% [2, 3] .
As a major producer of both spring and winter wheat, the US Pacific Northwest (PNW) has experienced recurrent epidemics. The first of these epidemics occurred in the 1960s, when the PNW experienced several years of stripe rust with significant yield losses of up to 408,000 metric tons in 1961 [4] . The epidemic sparked a new breeding objective for stripe rust resistance in PNW wheat varieties. Since then, wheat breeders in the PNW have looked for new and varying levels of resistance to incorporate into wheat varieties. As a result, most PNW varieties have complex combinations of all-stage and adult-plant resistances that are for the most part uncharacterized.
Finch, a soft white winter wheat, has high yield potential and excellent end use quality [16] . Eltan, also a soft white winter wheat, is high yielding with resistance to snow mold and common bunt, along with good milling and baking properties [17] . Both varieties are adapted to the PNW.
Field Experiments
The RIL population was planted at Central Ferry and Pullman, WA, in 2012, 2013 and 2014. At each location the RILs were grown as two randomized complete blocks with replicated parental checks. Spreaders of highly susceptible line WA7821 were planted around the plot and after every 36 experimental rows. The fields were dependent upon natural infection, except at Pullman in 2014, where a mixture of prevalent races collected from the field in the previous year was used to inoculate spreader rows. Disease ratings at each location commenced when the checks had rust severities of 30%. Infection types (IT) on the expanded 0-9 scale [18, 19] and disease severity (DS) from 0 to 100% [20] were recorded 2 to 3 times per growing season, depending upon environmental conditions and disease levels. The Pullman 2013 and Central Ferry 2014 nurseries were abandoned due to hail damage and insufficient disease, respectively.
Statistical Analysis
Statistical analysis was performed using PROC MIXED in the SAS statistical package (SAS Institute, Raleigh, NC, USA). Least-square mean analysis was used to identify the effects of stripe rust QTL found in the study. Analysis of variance was used to determine genotypeˆenvironment interaction. Lastly, broad-sense heritability of resistance at all locations were calculated using SAS code provided in Holland et al. [21] ; h 2 = Var(G)/Var(P), where Var(G) is the genotypic variance and Var(P) is the phenotypic variance. The final ratings of IT and DS at each location were used for QTL mapping since these scores provided the most discriminatory data.
Marker Analysis
A total of 853 simple sequence repeat (SSR) markers were assayed on the parents, and 88 polymorphic markers were subsequently assayed on the RIL population. Sequences of available SSR markers along with their previously determined chromosomal locations were obtained from Graingenes (http://wheat.pw.usda.gov/). SSR marker analyses were conducted using PCR conditions described by Röder et al. [22] except that primers were synthesized to include the M13-tail [23] . The 10 µL reaction mixtures consisted of 50 ng of template DNA, 1.0 µL Mg-free 10ˆPCR buffer, 0.5 units of Taq DNA polymerase, 1.5 mM of MgCl2 (Promega, Madison, WI, USA), 200 µM each of dCTP, dGTP, dTTP, and dATP (Fermentas, Glen Burnie, MD, USA) and 0.25 µM of each primer pair synthesized by MWG-Biotech (High Point, NC, USA). Appropriate flourophores for the ABI 3130xl (Applied Biosystems, Foster City, CA, USA) fragment detection system were included in the PCR mix. Amplification conditions were an initial 5 min denaturation at 94˝C, followed by 41 cycles of 1 min of denaturation at 94˝C, 1 min of annealing at 50 to 65˝C (depending on primers), and a 1 min extension at 72˝C. The final extension step was 10 min at 72˝C.
A total of 8631 SNPs were analyzed on the 9K iSELECT SNP array as described by Cavanagh et al. [24] to identify the genotypes of the RIL population. Genome Studio v2011.1 software (Illumina, San Diego, CA, USA) was used to cluster the SNPs based on genotypes. Minor reassigning of the clusters was done to appropriately call the clusters by their corresponding genotypes. After analysis in Genome Studio v2011.1, 1154 SNP markers and 88 SSR markers were polymorphic between Finch and Eltan. From these, 683 SNP and 70 SSR markers producing robust data were used for mapping. Markers were removed if they had segregation distortion or greater than 10 missing values. Markers which co-segregated at the same locus were removed to enhance the quality of the linkage map constructed for the population in order to identify reliable markers and locations of QTL. Co-segregating markers added back to the linkage map if they associated with a QTL. Upon identification and validation of the 4A QTL, 26 polymorphic SNP markers from the 90K SNP set developed by Wang et al. [25] were used as KASP markers (LGC Genomics, Teddington, Middlesex, UK), and those from the 9K SNP set that failed the chi-squared test were added into the 4A linkage group to further saturate the QTL locus.
Linkage Map Construction and QTL Analysis A linkage map was constructed with JoinMap 4.0 [26] . Haldane's mapping function was used to calculate genetic distances in centiMorgans (cM) and maximum likelihood mapping algorithm was used to assign linkage groups. Linkage groups were established using a minimum independence LOD score of 3.0. When this LOD value was not able to separate homoeologous chromosomes, a LOD value of 2.0 was used. Each group was assigned to a corresponding chromosome using the previous 9K SNP consensus map [24] . QTL analysis was conducted using QTL Cartographer 2.5 [27] . Mapping functions were converted to cM [28] . Composite interval mapping (CIM) analysis with a walk speed of 1.0 cM, a window size of 10 cM, probability in and out of 0.1, five control markers, and the forward and backward regression method was used to identify QTL significance. Significant LOD threshold values were determined for each QTL using 1000 permutations at the 0.05% significance level. Confidence intervals were determined using a one LOD drop-off flanking the peak QTL position [29] . Mapchart version 2.2 [30] was later used to label the QTL on the linkage map.
QTL Validation
In order to validate the QTL, flanking KASP markers (LGC Genomics) were run on some of the previously known varieties containing QTL on chromosomes 4A and 6B following the standard protocols given by LGC Genomics (lgcgroup.com). The 4A QTL varieties included Avocet S, Heines VII, Nord Desprez, Minister, AUS 91456, Luke, Lalbahadur, and Stephens. Luke did not have an identified 4A QTL but had Nord Desprez in its parentage and was in the pedigree of Eltan. Since the DNA was readily available, Luke was added to the KASP analysis since it could be a possible contributor of resistance QTL in Eltan. Varieties with QTL on chromosome 6B included Stephens, Pavon 76, Recital, Pingyuan 50, and Janz. Unfortunately, seed of additional varieties with QTL reported to be located on chromosome 6B was not available. However, it was apparent that overlapping QTL were present on this chromosome [31] .
In addition to KASP markers, the corresponding SSR markers linked to each of the previously identified 4A and 6B QTL were evaluated in Finch and Eltan. Genotyping for 12 SSR markers followed standard protocols with annealing temperatures from GrainGenes 2.0 (http://wheat.pw.usda.gov). Allele lengths were based upon Röder et al. [22] with the addition of 13 bp to account for the fluorescent M13 tails [23] . The SSR markers were run with appropriate flourophores for the ABI 3130xl (Applied Biosystems, Foster City, CA, USA) fragment detection system. The results were analyzed using GeneMarker V1.91 (Soft Genetics, LLC., State College, PA, USA) software.
The Yr51 STS marker sun104, from line AUS 91456, was amplified using the PCR protocol from Randhawa et al. [32] . PCR amplification took place in 12 µL volumes containing 2.5 mM dNTP, 25 mM MgCl 2 , 10 µm forward and reverse primer, and 5 U/µL Taq polymerase. This was followed by separation of PCR products in 2.5% agarose gels with a 1 kb ladder. A separate SSR marker analysis for Yr60, from variety Lalbahadur [33] , using Chinese Spring deletion lines [34] was conducted to determine the location of the recently identified gene in relation to QYrel.wak-4A. Marker analyses were conducted by the USDA Genotyping Laboratory in Pullman, WA, USA.
Results

Field Disease Evaluations
Annual stripe rust reports collected from the WSU stripe rust website [35] indicated that PSTv-37 was the only race isolated at Central Ferry in 2012, whereas PSTv-37, PSTv-48, and PSTv-11 were isolated at Pullman. In 2013, PSTv-52 was the predominant race at both locations, and continued to remain the predominant race in 2014 with PSTv-37 placed second in frequency. In all environments, IT scores for Finch ranged from 3 to 5, those for Eltan ranged from 5 to 8, and the susceptible checks ranged from 8 to 9. DS ratings averaged 34% for Finch, 48% for Eltan, and >80% for susceptible checks (data not shown). The RIL population had IT scores from 2 to 8 and DS ranging from as low as 5% to as high as 87% across all environments. Both IT and DS data followed normal distributions. Statistical analysis showed that data for both locations were significantly different and that there was a significant interaction between RILs and locations. Broad-sense heritability was 0.49 (standard error = 0.03) for IT and 0.46 (standard error = 0.03) for DS.
Linkage Map Construction
A total of 1154 SNP and 88 SSR markers were polymorphic between Finch and Eltan. From these, 683 SNP and 70 SSR markers were used in constructing the linkage map. The 683 SNPs represented unique loci and the 471 SNP markers not used cosegregated at the mapped loci, had >10 missing values, or did not fit 1:1 segregation ratios. For ease of analysis, only one SNP marker was used to represent each locus. If a locus was identified as significantly associated with stripe rust resistance, cosegregating markers were added back into the linkage map. These markers established 22 linkage groups representing 16 of the 21 wheat chromosomes (2D, 3D, 4D, 5D and 6D chromosomes were not represented). The map covered a total of 2051 cM with an average distance of 3.3 cM between markers on each chromosome. The D genome had noticeably lower coverage with five of the seven chromosomes not represented in the linkage map. Low levels of polymorphism in the D genome are often obtained in linkage map construction.
QTL Identification
Two Pst resistance QTL were identified. The first QTL on chromosome 6BL, designated QYrfi.wak-6B and contributed by Finch, was effective at Pullman 2012 and 2014 and Central Ferry 2013. The highest phenotypic variation explained across all environments amounted to 31% for IT and 15% for DS ( Table 1) . The QTL spanned an average 41.3 cM region with a peak position at 46 cM and significant markers Xiwa6599, Xiwa5170, and Xiwa4202 at 44, 45, and 46 cM, respectively ( Figure 1) . A second QTL, designated QYrel.wak-4A and contributed by Eltan, was identified on chromosome 4AL at Pullman 2012, Central Ferry 2012 and 2013, and Pullman 2014 and explained up to 17% of the phenotypic variation for IT and up to 16% for DS ( Table 1 ). The QTL spanned 37 cM with a peak position at 98 cM and significant markers Xiwa1692, Xiwa1720, Xiwa5200, and Xiwa6885 at 114, 113, 113, and 102 cM, respectively ( Figure 1 ). The positions of these markers on the 9K wheat SNP consensus map are located between 97 and 103 cM, with the exclusion of Xiwa6885 which is not listed on the consensus map due to low levels of polymorphisms in the tested germplasm [24] . Further evaluation of markers from the 90K SNP set identified Xiwb58791 linked to this QYrel.wak-4A also. This QTL was significant in all three years of the study but failed to significantly reduce DS in Pullman 2012 and IT in Pullman 2013. Across all significant locations, DS and IT were reduced by 8% and 10%, respectively, among the RILs carrying the QYrel.wak-4A QTL.
Disease scores associated with specific genotypes were evaluated in SAS to determine the QTL genetic effect on response. As shown in Figure 2 , IT scores and DS for the RILs carrying the Eltan allele at QYrel.wak-4A were reduced by 10% and 8%, respectively, compared to lines carrying neither resistance QTL. RILs containing the Finch allele at QYrfi.wak-6B also showed a significant reduction of the IT score of 10% but had no significant reduction in DS compared to lines carrying neither QTL. When both QTL were present, IT scores were significantly reduced by an average of 22% and DS was reduced by 14% compared to lines without either QTL. These results show an additive effect of the two QTL when combined. 
QTL Comparisons
In an effort to try and distinguish the identified QTL from other QTL and named genes reports on the same chromosome, markers were analyzed for comparison with other varieties carrying previously reported QTL and those found in Finch and Eltan. Although the identified SNP markers are only linked to the QTL and not fully diagnostic of presence/absence of the QTL, they do assist in providing further insight between the relationship of varieties carrying different QTL based on observed haplotypes. KASP markers for the SNPs associated with the 6B QTL were evaluated on accessions with similar QTL locations that found in the RIL population (Table 2) . Once converted to KASP markers, only two of the three originally polymorphic SNP markers (Xiwa5170 and Xiwa6599) amplified in Finch. Almost all varieties with previously identified 6B QTL matched one of the two KASP markers with Finch, whereas Pavon 76 was heterozygous at both marker loci. The 6B KASP allele at Xiwa5170 in Finch was shared among Stephens, Janz, Pingyuan 50 and Recital, whereas the Finch Xiwa6599 was unique to that variety. Table 2 . (a) KASP markers associated with QYrel.wak-4A from Eltan as compared to varieties containing previously reported 4A quantitative trait loci (QTL); (b) KASP markers associated with QYrfi.wak-6B from Finch as compared to varieties containing previously reported 6B QTL.
Variety
QYrel.wak-4A Markers QYrfi.wak-6B Markers Xiwa5200 Xiwa1720 Xiwa6885 Xiwa1692 Xiwa5170 Xiwa6599
When available, SSR markers for varieties previously identified to have stripe rust QTL on chromosome 6B were evaluated on Finch to further differentiate QYrfi.wak-6B from previously discovered genes and QTL (Table 3 ). The previously reported QTL identified in Stephens [36] was on the same chromosome as the Finch QTL. When SSR marker Xbarc101 was run on Finch and Eltan, both parents were negative for the Stephens resistance allele. These results match a previous paper from Uauy et al. [37] . Additionally, to confirm that QYrfi.wak-6B was not Yr36 (another gene found in this region), the Xuhw89 marker [13] was run on both parents in which both were found negative in having the Yr36 allele. For the other QTL found on this chromosome, varieties Pavon 76, Pingyuan 50, and Recital QTL had no alleles in common with Finch.
Seven other varieties reported to have QTL on chromosome 4A were evaluated with the SNP markers associated with QYrel.wak-4A (Table 2a) . At 4A marker Xiwa5200, only varieties AUS 91456 and Luke shared the resistance allele with Eltan. The cosegregating marker Xiwa1720 was present only AUS 91456. For marker Xiwa6885, varieties Avocet S, Heines VII, Minister, and AUS 91456 shared the resistance allele with Eltan, whereas with marker, Xiwa1692, none of the varieties carried the resistance allele, although Heines VII and Nord Desprez were heterozygous at this locus. No variety shared the same resistance haplotype across the four SNP markers with Eltan. SSR markers for varieties with previously described 4A resistance QTL were also evaluated in Eltan to determine presence of similar QTL to QYrel.wak-4A (Table 3) . Heines VII, Minister, and Nord Desprez did not have markers associated with their reported Yr genes. Chromosome 4A SSR markers were available only for QTL in Stephens, Avocet S, and IDO444. Vazquez et al. [43] identified multiple APR QTL in Stephens with one identified on 4A by linkage to SSR marker Xbarc70; Eltan did not share that allele [31] . The 4A QTL from IDO444, described by Chen et al. [42] , was found at a similar location to a QTL in Kariega [41] . These two varieties and Avocet S share a common allele at Xgwm160. Neither Finch nor Eltan shared the allele with Avocet S and consequently did not share it with either Kariega or IDO444. Table 4 further identifies known genes on chromosome 4A and further describes their location and resistance type as compared to Qyrel.wak-4A. a ASR = All-stage resistance; APR = Adult-plant resistance.
Since two additional genes for stripe rust resistance have been reported on chromosome 4AL in wheat, markers were analyzed to determine if QYrel.wak-4A was the same as either Yr51 or Yr60. Based on marker analysis using sun104 for Yr51, no amplification of the diagnostic 225 bp allele associated with this gene was present in Eltan (data not shown). To further distinguish QYrel.wak-4A from Yr51 and Yr60, Chinese Spring 4A deletion lines were used to demonstrate that these genes are located in different deletion bins (Table 5 ). The genes Yr51 and Yr60 are reported to be 10 cM from each other on the distal end of chromosome 4AL. Using the 4AS deletion series (with a fully intact 4AL arm), the diagnostic alleles for markers corresponding to Yr51 and Yr60 were present, indicating these genes reside on chromosome 4AL. Analysis of the 4AL deletion series found no diagnostic alleles, indicating that these genes reside at the distal end of 4AL. Of the four SNP markers associated with QYrel.wak-4A, only two of the designed KASP assays (Xiwa5200 and Xiwa1692) amplified in Chinese Spring. Analysis of the 4AS deletion series demonstrated presence of the SNP, again indicating that these markers were present on 4AL. In the 4AL deletion series, these two SNP markers were always present, indicating that their location resides between the centromere and breakpoint 0.43. This is further supported by the location of these SNPs on the IWGSC chromosome-based draft sequence of wheat [45] . These markers are located at 116 to 122 cM on 4AL, an estimated 38 cM from the centromere [45] . Table 5 . Chinese Spring deletion lines for 4AL and 4AS were evaluated with SSR markers from Yr60 variety "Lalbahadur" and KASP markers for QYrel.wak-4A to determine the location of the two loci on the long arm of chromosome 4A. 
Discussion
Resistance is a key management tool for controlling stripe rust. Especially in growing regions where chemical control is not economically justifiable, stripe rust resistant wheat varieties are usually the only effective option for growers [12] . By identifying novel genes for stripe rust resistance, breeders can incorporate those genes into breeding material by MAS to reduce the disease severity. Molecular markers genetically linked to a stripe rust resistance QTL or genes can be used by breeders to efficiently and accurately incorporate resistance into new germplasm. In the FinchˆEltan RIL population, we have presented two QTL which can be selected via molecular markers to incorporate resistance into wheat varieties. The lack of polymorphisms in the D genome in this population, which is not uncommon [46, 47] , did not allow us to analyze much of the D genome for resistance loci. Therefore, there may be additional QTL from these cultivars that we were not able to identify with the SNP system used. We have submitted this population for genotyping-by-sequencing, which allows for better coverage of the D genome [48] and will allow discovery of QTL on this genome if present.
Even though the identified QTL are of minor effect, they should be useful when pyramided together with other stripe rust resistance genes or QTL. The 6B marker results indicated that QYrfi.wak-6B is not found in the five lines tested with other germplasm carrying QTL on 6B and may be a novel QTL for Pst resistance. The 4A QTL QYrel.wak-4A was also tested in other germplasm to see if this locus had been reported previously. Based on race differentiation, displayed phenotype, marker analysis, and physical location using deletion lines, QYrel.wak-4A appears to be a novel locus. Although both QYrel.wak-4A and QYrfi.wak-6B only contribute to decreases in IT by 10% individually, when pyramided together, they decreased IT by 20%. A similar trend was seen with DS, with pyramided QTL decreasing severity by 14%. Thus, it appears that individually, these QTL appear as minor QTL, but when pyramided together produce an additive effect.
Even though these QTL appear to be novel, more research is needed to confirm this. Currently, it has been difficult to compare the chromosomal location of QYrel.wak-4A and QYrfi.wak-6B with previously identified stripe rust QTL due to differences in marker platforms and associated linkage maps. Our SNP derived linkage map has 70 SSR markers positioned on it, resulting from a screen of over 850 markers. This was not enough to compare chromosomes 4A and 6B to other published SSR maps due to lack of similar markers. As marker platforms continue to evolve, and more linkage maps are published with a combination of SSR and SNP markers, the ability to compare these maps with other consensus maps will be possible. The projection of these QTL regions on other consensus maps should allow better estimations of QTL positions in the near future. Additionally, to further distinguish QYrel.wak-4A and QYrfi.wak-6B from other published QTL, we are introgressing these QTL into Avocet S to validate the effect of these QTL on race composition and ability to reduce IT and DS.
The additive nature of these two QTL indicate pyramiding with other genes will be effective at providing resistance to stripe rust, and the novelty of the QTL will provide wheat breeders with additional genes to pyramid in combination with already used sources of resistance. It should be noted though that based on field testing, the APR resistance in Eltan appears to be responsive to different races. QYrel.wak-4A was effective against predominant races in the Palouse area (PSTv-37 and PSTv-11), and was considered resistant to stripe rust. In 2012, a new race, PSTv-52 was identified and has since become the most abundant race in the PNW, but Eltan is only considered to be moderately susceptible-susceptible to this race [49] . Most reported APR genes are stable across environments, years, and races [31, 37, 50] . Greenhouse studies are being conducted with different races to differentiate the effect of race structure on this APR QTL.
For pyramiding of genes to be effective, especially those of minor effect or when combining ASR and APR together, effective molecular markers need to be identified. Few stripe rust resistance genes have been cloned with perfect molecular markers [51] . Previously, single SSR markers, or flanking markers, were sufficient to determine presence or absence of a linked locus [31] . Now, with the use of SNP markers for genotyping and linkage map development, single SNP markers linked to QTL are likely not effective to fully distinguish presence or absence of a linked QTL. SNP haplotypes more fully represent presence or absence of a particular linked gene or QTL. The markers reported in this study effectively distinguish presence/absence when used in combination with the bolded markers presented (Figure 1 ). Additionally, these markers are fairly easy to run and analyze using SNP or KASP marker systems, and will allow most breeders to effectively select for these loci.
Conclusions
Two QTL for stripe rust APR identified in this study significantly reduced DS and IT in winter wheat varieties Eltan and Finch. Analysis showed that no previously identified 4A Pst resistance QTL were similar to the one described in this study. Furthermore, most QTL or genes described in previous literature contributed to all-stage resistance and/or were in a different location on 4AL. The lines carrying QYrel.wak-4A had reductions in DS of 6.6% and of 10% for IT in 2012. The reduced LOD score and phenotypic variation explained by the QTL in 2013 and 2014 indicate that the effectiveness of the APR in Eltan was reduced by the new race PSTv-52. However, the PSTv-52 race is avirulent to QYrfi.wak-6B, the QTL contributed by Finch, which is still effective at reducing disease incidence in winter wheat for the Pacific Northwest and other wheat growing regions. There were only two SNP markers associated with QYrfi.wak-6B; in order to provide more diagnostic markers, fine mapping of the QTL region will be needed. The additive effects of these QTL together increased resistance significantly and are beneficial in combination for reducing stripe rust infection in winter wheat varieties. With the moderate levels of heritability and a quarter of the phenotypic variation explained across environments, efforts to pyramid these QTL into elite breeding lines will be advantageous and feasible.
